Pyruvate formate-lyase (formate acetyltransferase; EC 2.3.1.54) of Escherichia coli cells is post-translationally interconverted between inactive and active forms. Conversion of the inactive to the active form is catalyzed by an Fe2 -dependent activating enzyme and requires adenosylmethionine and dihydroflavodoxin. This process is shown here to introduce a paramagnetic moiety into the structure of pyruvate formate-lyase. It displays an EPR signal at g = 2 with a doublet splitting of 1.5 mT and could comprise an organic free radical located on an amino acid residue of the polypeptide chain. Hypophosphite was discovered as a specific reagent that destroys both the enzyme radical and the enzyme activity; it becomes covalently bound to the protein. (Fl). The latter is generated from NADPH-and pyruvate-dependent oxidoreductases (4). Studies of the reconstituted system have suggested that the conversion reaction proceeds as follows (5) 
radical located on an amino acid residue of the polypeptide chain. Hypophosphite was discovered as a specific reagent that destroys both the enzyme radical and the enzyme activity; it becomes covalently bound to the protein. The enzymatic generation of the radical, which is linked to adenosylmethionine cleavage into 5'-deoxyadenosine and methionine, possibly occurs through an Fe-adenosyl complex. These results suggest a radical mechanism for the catalytic cycle of pyruvate formatelyase.
Pyruvate formate-lyase (formate acetyltransferase; EC 2.3.1.54) is the central enzyme of anaerobic glucose metabolism in Escherichia coli cells. It catalyzes the conversion of pyruvate to acetyl-CoA in a nonoxidative reaction according to:
CH3COCO2 + HS-CoA = CH3CO-SCoA + HCO. [1] This enzyme, a homodimeric protein of Mr 170,000, has unusual properties regarding post-translational regulation of its activity and the catalytic mechanism. Previous studies (1) (2) (3) have demonstrated that the enzyme can exist in an inactive (El) and an active (Ea) form. Ej to Ea conversion, which occurs in situ upon shifting the cells to anaerobiosis, is catalyzed by an Fe2+-dependent activating enzyme (Mr 30,000) requiring pyruvate as allosteric effector and is linked to reductive cleavage of adenosylmethionine through reduced flavodoxin (Fl) . The latter is generated from NADPH-and pyruvate-dependent oxidoreductases (4) . Studies of the reconstituted system have suggested that the conversion reaction proceeds as follows (5): Ej + adenosylmethionine + Flred Ea + 5'-deoxyadenosine + methionine + Flox. [2] Ea to Ej backconversion, which also requires anaerobic conditions, has not yet been investigated in detail. The putative modification of pyruvate formate-lyase is unknown. However, Ea is very sensitive to oxygen, which inactivates the enzyme irreversibly.
The catalytic cycle of pyruvate formate-lyase involves a covalent-catalytic cysteinyl residue to process pyruvate, reversibly, by a two-step (ping-pong) mechanism (2):
E + pyruvate = E-acetyl + formate E-acetyl + CoA = E + acetyl-CoA.
[ The relationship between these assays was that 35 units of Ea, corresponding to 0.17 mg or 1 nmol of protein, will accept 1 nmol of acetyl. This could indicate that the dimeric enzyme exhibits half-of-the-sites reactivity.
EPR Spectroscopy. The EPR experiments were performed on a Varian V-4502 spectrometer, equipped with 100-kHz field modulation, a 22.9-cm magnet, and a 1-4531 multipurpose cavity. A flat cell (0.2 mm), stoppered on both ends with a seal of agarose (1.5% in anaerobic buffer), was at first flushed with argon and then filled with the anaerobic solution of Ea (or any control solution), using a syringe. The spectra (first derivative) were recorded at room temperature.
RESULTS
Conversion of E; into Ea Is Linked to Formation of 5'-Deoxyadenosine. Previous experiments showed that 5-deoxyribose and adenine, together with methionine, are produced from adenosylmethionine during pyruvate formate-lyase activation (5). A nucleosidase activity, previously present as a contaminant of the activating enzyme fraction, was absent from the recently available homogeneous enzyme preparation. 5'-Deoxyadenosine could thus be shown to be formed from adenosylmethionine ( Fig. 1 ). To confirm its identity, the radioactive material of the HPLC fraction was crystallized with the authentic compound to constant specific radioactivity (data not shown).
Reductive cleavage of adenosylmethionine required activating enzyme and Ej to be present simultaneously in the reaction system and appeared to be tightly coupled to the generation of pyruvate formate-lyase activity. Concomitant with the production of 35 units of Ea, an amount of enzyme that contains 1 or possibly 2 nmol of active sites (see Materials and Methods), about 1. 4 nmol of 5'-deoxyadenosine was formed. This relationship was consistently found whether enzymatically reduced Fl (4) or photoreduced 5-deazariboflavin (3) was used as electron donor in the activation reaction (Fig. 2 ). fide); (ii) reversible backconversion of Ea to E,, observable with crude cell extracts (6) or in situ (3), occurs under strictly anaerobic conditions-i.e., obviously in a nonoxidative way. It remained then to be considered if Fe2+, which is a further component required in the activation procedure, could possibly become associated with Ea. However, experiments (not shown) with 59Fe2+ did not detect an Fe content in Ea. Also, metal-complexing agents such as 10 mM EDTA had no effect on the catalytic activity.
E. Is Chemically Modified by Hypophosphite. The irreversible inactivation by oxygen (see Fig. 3A ) could have afforded a means of studying a particular site relevant to the active enzyme form. Fortunately, hypophosphite was then discovered as a modifying reagent more suitable for the purpose. Reported in 1955 by Novelli (9) to be an inhibitor of the Fig. 1 ). Fig. 3C , the bimolecular rate constant for the reaction of E-acetyl with hypophosphite is estimated to be 21 M-1 s-1 at 30'C and pH 8 (Fig. 4) . The modification indicated from these results was then monitored directly through a 32P-labeling of the protein from [32P]hypophosphite (Fig. 5) . Covalent fixation of 32p label occurred with Ea (free or acetylated state) but was not observed with Es or an Ea sample that was previously inactivated by oxygen. Thus, the inactivating modifications caused by oxygen and hypophosphite likely concern the same site of the active enzyme molecule. Preliminary studies, limited by the low specific radioactivity of the present [32P]hypophosphite preparations, show the stability of the phosphorus-protein bond to be as follows: -90% at pH 7 (10 min, 100'C); 80% in 1 M HCl (2 min, 100'C); 20% in 1 M NaOH (15 min, 20'C). These properties should facilitate future peptide mapping and the chemical identification of the modified amino acid residue.
Detection of a Free Radical in Ea by EPR Spectroscopy. The breakthrough in understanding the nature of the Ea form came from EPR spectroscopic studies. Fig. 6 shows the spectrum from samples of the activated enzyme, measured at room temperature in a flat cell under strictly anaerobic a) conditions. The doublet signal, centered at g = 2, was observed with Ea either in the free or acetylated state. It was absent from various controls examined in which any of the crucial components had been omitted from the enzyme activation procedure (El, activating enzyme, adenosylmethionine). Moreover, the signal was characteristically absent when the activated enzyme had been incubated (still under anaerobic conditions) with hypophosphite or had been exposed to air. These results unambiguously show the paramagnetic moiety to be associated selectively with the active form (Ea) of pyruvate formate-lyase. It is destroyed by the specific reagents that inactivate the enzyme.
Our present instrumentation has not permitted analysis of the origin of the doublet splitting (1.5 mT) of the EPR signal. We presume that it arises from hyperfine coupling of an unpaired electron to a hydrogen nucleus.
DISCUSSION
Our results have demonstrated that catalytic activity and a radical content of pyruvate formate-lyase are intimately linked to each other. They are concomitantly generated by the adenosylmethionine-dependent enzymatic process and are concomitantly destroyed by chemical modification by hypophosphite or oxygen. No further structural difference between the inactive (E1) and active (Ea) forms was detectable. Therefore, conversion of E, into Ea can only involve introducing an unpaired electron state into the protein structure. From circumstantial evidence, the radical must be associated with an amino acid residue. Consequently, backconversion of Ea to Ej would comprise the removal of the radical. Fig. 7 siently and are used up again in completing the catalytic cycle. However, Es to Ea conversion of pyruvate formate-lyase comprises the net generation of a radical species. Energetically, this process must be driven by the high adenosyltransfer potential of adenosylmethionine and the reducing power of dihydroflavodoxin. The proposed Fe-adenosyl complex would represent a novel instance of metal-organic compounds in biochemistry.
Ribonucleotide reductase has so far been the only enzyme known to contain a free radical as part of its structure (for a review, see ref. 11). The unpaired electron is located there on a tyrosyl residue close to an iron center; the system is notably oxygen stable. Iron is not present in pyruvate formate-lyase. Important clues to the chemical structure of this enzyme's paramagnetic moiety can be expected from further analysis of the hypophosphite modification reaction. To destroy the radical by becoming covalently attached to the protein makes hypophosphite, thermodynamically a strong reductant, a useful probe. Hydroxyurea, the radical scavenger for ribonucleotide reductase, is ineffective with pyruvate formate-lyase. The two enzymes apparently differ also in the manner in which the radical is biosynthetically introduced. A distinct oxygen requirement has recently been reported for the enzymatic tyrosyl radical introduction into ribonucleotide reductase (12) . In the case of pyruvate formate-lyase, the processing occurs anaerobically, consistent with the enzyme's physiological role, and even involves a strong reductant. This seems at first look to contradict the fact that Ea is formally an oxidized species.
That the radical is destroyed by the formate-resembling hypophosphite strongly indicates its association with the cat- 
